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Sensitive imaging of an elastic nonlinear wave-scattering source in a solid
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We have developed an imaging method for locating isolated nonlinear scattering(spiarselids.

It relies on extracting the nonlinear response of a solid by modulation of a high by a low-frequency
wave, and employing moving-window, synchronous detection. The resulting image consists of
nonlinear wave reflection profiles with remarkable sensitivity to an isolated elastic nonlinear
sourcés). In creating the image, we can distinguish between a nonlinear scattering source and other
wave scatterers in the material. The method should work equally well for imaging the relative
nonlinearity of different regions within a volume. ®002 American Institute of Physics.
[DOI: 10.1063/1.1495081

In this work we illustrate a method by which to create anfirst pair of tone bursts is reflected at a point when the low-
image, a “nonlinear wave reflection profile,” much like a frequency cw excitation stress reaches a maximum, forcing a
pulse-echo profile, but one that “filters” for nonlinear elastic transient, reduced acoustic impedance. The second pair of
scattering sources due to material damage. A line scatteringne bursts is shown at the time when the low-frequency
source(a crack is imaged in a sample in the presence ofwave stress is zero, meaning there is no effect on the re-
other features that scatter the elastic wave field. flected tone bursts. The third pair is shown at the moment of

It has been shown that “low-aspect-ratiéflat) features ~Wave extension, forcing a transient reflection coefficient that

(CrackS, grain contacts, de]aminati@)nseate “nonclassical” is maximized. The amplitude of the tone burst reflected from
nonlinear wave effects while other geometriéspheres, the linear scatterer remains constant, remaining independent
holes, ellipses, surfacesio not' Nonclassical nonlinearity Of the changing stress field. Application of the amplitude
arises from hysteresis in the wave pressure-deformatiofodulation of the ultrasonic tone burst with synchronous
(stress-strain relation? in contrast to “classical’(landau- detection allows one to distinguish nonlinear from linear

type) nonlinearity arising from anharmonicity. scatterers. _ _ . _
Work relating material damage and nonlinear dynamic In the following we provide specific details about the

wave response by study of the wave second harmonic wd¥ocedure. In Fig. @) we show a sample with nonscattering
performed as early as 197%nd latef including develop- sourcegsmall dot3, a nonlinear scattering sour¢eold line

ment of a 2nd harmonic A-scanSynchronous detection of at A) and a linear scattering souréarge dot at B. Figure

cracks using modulation has been referred to in a number &) illustrates the modulation and synchronous detection
works®7 scheme for isolating the nonlinear scatterer described below.

In the work presented here, synchronous, phase lock de- Thr_ee times _and rat_es are pertme(jt) the tv_vo—way
L : . : . . travel time associated with each scattering locatign (2)
tection is combined with nonlinear wave modulation for im-

aging nonlinear scattering sources. A low-frequency, continu'Ehe repetition rate between each high-frequency tone Blirst

o . . . and (3) the time(duration of the processed signal, at the
ous wave (cw) excitation is applied to the specimen scattering source location,. In Fig. 2a) the wave source
simultaneous to a group of high frequency tone bursts. Du ' :

o th tation. th litud d oh f the ult focated on the sample face launches a tone hiimsthis
0 the cw excitation, the amplitude and phase of the u ra'experiment the frequency and duration are 3 MHz and 0.66

sonic toneburst reflecteq from a nonlinear source w_|II be,us, respectivelyat a sequence of time3; ... Ty, N=512.
modulated, while the signal reflected from an elastically
“linear” scatterer (e.g., a hole or a material boundaryre-

ates no modulatiofsee also Ref.)6 One can see the differ- Reflection from

(3
ence schematically in Fig. 1. The figure shows tone bursts E ;:;:‘e‘mg {f;‘;'ﬂe;t:;f from
reflected from a linear and nonlinear scatterer, respectively, & Source Seaffering
at different times in the presence of the cw-induced stress < S Souree
field. The amplitude of the wave reflected from the nonlinear E%
scatterer is controlled by the phase of the cw excitation. The « Time

FIG. 1. Concept of the combined effect of low-frequency cw modulation of
dAuthor to whom correspondence should be addressed; electronic maisuccessive ultrasonic pulses in a material containing a linear and a nonlinear
paj@lanl.gov scatterer.
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The basic procedure is to study the Fourier structure of

T(512)

' ~iTi (@) V(T,,mn) at fixed(phase-lockedr,,,
Toneburst
. . N
Input & . .= Scat.t.enng )
Output Pt Al7m) = 2, V(To, Tm)Sin@ouT, 1)
P EARE
NonIinearSéurceatPositionA LinearSource»atPositionB where V(Tn!Tm) is at the frequency Simchn of the cw
e et i g e modulation, the 10 Hz signal in this case. This procedure will
sin(,, 1) « A sin(w T LI psn(mpn) . . : . .
CW: PR identify thoser,,, at which the detected signal has evidence
37‘ b ' " of the nonlinear scatterer, because a nonlinear scatterer will
R ' 4 have energy at the modulation-wave frequency and a linear
E E o A s scatterer will nof(c), Fig. 2b)]. The association of time,,
H b E Tm with spaceZ,, can be carried out independently of the experi-
Time Time mental proceduréf wave speed is knownand therefore the
A‘ I Al ACTpy) above steps do not depend on this identification. Thus if
¢ (b) «Z in some known way, the output can be used to identify

the spatial location of the nonlinear scatterer. This procedure

FIG. 2. (8 Conceptual view of the experiment afio) of the processing 1S carried out forx;...x;, wherei=1...26 source locations

scheme. across the sample face, and in this manner the full wave
profile (the two-dimensional matrix of scattered amplitudes
is obtained.

The vector of radiated pulse sequeritg .'5 Tn=(1./R)(n The processed data set is the amplitude of the 10 Hz
—1) s,n=1..N, where the source repetition rafeis 366 signal at eaclx; and at eactr,,. That is, theX by 7., matrix

Hz. Thus at eacfi,, we have a tone burst with amplitude  of amplitudes is,A(X;, ), Where the subscript is the
from A, sin(w,T,) where the subscripp refers to the tone  modulation frequency at 10 Hz. The location of the scatter-
burst. Simultaneously, a large amplitude, cw low-frequencying source is found by solving the inverse problem associ-
excitation A, Sin(w,t) is applied to the sample en@dee  ated with this matrix. Here the nonlinear scatterers are point
Fig. 3. Here the input sampling rate for the cw wave is sources to within the resolutiohz=cr,, wherec is wave
much smaller than the repetition rak that controls the speed. The amplitudéq£i,m) comes from a source on
pulsed output. The detected sign@dlp=A,Sin(w,t) the line (x; ,z) atz=mcry/2=2z,. We divide by two because
+A,sin(w,Ty) in the case of the linear scatterer A we record the two-way travel time of the scattered signals.
= Acw SiN(weyt) Ap sin(wpTy) in the case of the nonlinear The output matrix is similar in form to the absolute value
scatterer in the time interval T, the time window width for ~ of amplitude in a seismic reflection profile or pulse-echo
each location of interrogation in tinj¢he dots on the grid in  experiment. A difference with a seismic reflection profile is
Fig. 2(b)]. This step can be seen {a) in Fig. 2(b) for the  that we have no off-axis detection in this experiment, al-
nonlinear and linear scatter, respectively. In the detected sighough it could and should be done in order to improve non-
nal Ap the low-frequency excitation is eliminated by a high linear source resolution and imaging capability.

pass filter, the pulses are rectifigd), Fig. 2b)], and this The experimental configuration is shown in Fig. 3. The
signal is recorded and digitized, in this case at @séusing Sample used to demonstrate the imaging technique was a
256 points(thus AT=256x 0.6 us). The nonlinear scatterer Crack in a steel plate (50305x6 mm) induced by cyclic
has a nonzero frequency component at the vibration freloading. Before loading, a notch was placed in the plate sur-

quency in addition to a dc component while the linear scatfaces to initiate crackinglocated 101.5 mm from the plate
terer has only a dc component. ends. The length of the notch was 17 mm, the depth was 0.8

As a consequence the output is an “amplitude” matrix MM, and width was 0.7 mm. A hole 3 mm in diameter was

V., extracted from the sequence of filtered and rectified sigd'l!éd in the plate at a distance of 101.5 mm from the plate

_ : e : d farthest from the cradlsee Fig. 3.
nalsV,,=V(T,,my), [(c), Fig. 2b)] where the rectified sig- en
nal inn(reﬂach chccrenssive time window #§=mr,, the sam- One of the plate ends was clamped to a support com-

pling interval of the rectified signal,=AT/256, the number posed of a large mass. Rubber insertions were placed be-

of samples in the rectified signai=1...256, anch=1..N. tvyeen theisamples, and the clamp and support,. to avoid pos-
sible nonlinear effects from them. The ultrasonic tone-burst

wave was radiated at the plate face as shown in Fig. 3. The
diameter of the piston radiator was 9 mm and the resonance
frequency of the transducer was 3 MHz. The contact between

Computer Nonlinear
Scatterer

oametore & lincar Pluc  (orack) the transducer and plate was made by a standard lubricant.
| ter soatterer > z Triggering was accomplished by using the electrical tone
Ex IR burst applied to the transducer.
.,;l_g\ The far end of the plate was connected to a mechanical
: “'] shaker(Robotron 110756 The shaker excited flexural vibra-

tion of the plate. Vibration amplitudes were detected and
feedback-controlled for amplitude stability by use of an ac-

FIG. 3. Experimental configuration. celerometer located on the plate.
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mm, the distance of the crack. One could narrow the beam
width with some effort. Lateral variation in the nonlinear
response may well indicate variation in crack parameters,
and from the point of view of discerning crack properties, the
CRACK spatial variation of the nonlinear amplitude may be very
importantt

This work demonstrates that the tone-burst modulation
and synchronous detection technique is an effective tool for
HOLE selective wave imaging of elastically nonlinear scattering
sources in the presence of elastically linear scatterers. Fur-
ther, the results indicate that the method could be applied to
careful study of the spatial distribution of nonlinear scatter-

(a) Linear Image (b) Nonlinear Image

10

Time (us)

0 0 ing properties. Such studies may shed light on such issues as
25 Df’gtance (%m) 25 50 crack initiation, crack progression, and the nagging question
el s . of the physical origin of nonclassical, nonlinear behavior
000 0.10 0.20 030 000 O0.10 0.20 0. A A . H H .
Amplitude (volts) Arfiplitiida (Volts)” (e.g., Ref. 1. Three dimensional imaging is clearly possible

applying the same method, and, if multiple offset detectors

FIG. 4. () Elastic linear scatterering profile where the large reflection fromwere used, full, poststack migration imaging could be
the hole is at approximately 3&s. The crack is the later, smaller reflection. achieved.
(b) Elastic nonlinear scattering profile where only the crack is imaged. The

brighter regions correspond to increased scattering amplitude. From numerous other studies conducted by us and oth-

ers, we know that different material volumes of scatterers
can display different nonlinear characteristiesg., Ref. 1
For comparison with a well-known linear method, a This method is applicable to the study of mixed volumes
pulse-echo experiment was conducted as well. The two dignere such differences may exist. Conceivable applications
mensional reflection profiles of the elastic linear and of thgnc|ude imaging of mixed phase materials, imaging of pro-
nonlinear scattering sourcgfon,(i,m)] as a function of  gressive fatigue, in particular of volumes where the fatigue
time are shown in Figs.(d) and 4b). In Fig. 4@), itis clear  may not be homogeneous, imaging delaminations in layered

.that.the amplitude of the Iinear signal reflected from the ho'%omposites, and surface seismic and borehole imaging.
is higher than amplitude of signal reflected from the crack
[Fig. 4@)]. Both features are imaged, but the nature of the = The work was supported by the International Science
features is unknown withoua priori knowledge or some Technical Center and by Los Alamos National Laboratory
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profile the level of the modulation in the signal reflectedsions.
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